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NONELASTIC BEHAVIOR BRIDGES UNDER 
IMPULSIVE LOADS 


method for predicting the effects loads that vary with time bridges 
and other structures when deformations extend into the plastic range pre- 
sented this paper. Although such analyses are necessarily more complex 
than the use statics, the method presented requires only numerical techniques. 
Hence, the computations are routine nature fitted the procedures 
design office. The bridge studies reported this paper aid determining 
which bridges, under atomic attack, are most susceptible damage, and the 
bridge characteristics that are desirable for resisting blast. 

Because the immediate questions would whether the span should long 
short, whether mass added avoided, whether girders trusses are 
preferred, and what effect expected from change elevation above 
the water, the answers these questions were sought. order reduce the 
number variables, group simple railway spans ranging from 519 
were studied determine the permanent deflections produced the explosion 
nominal atomic bomb 2,000 vertically above the center the span. The 
numerical answers obtained are not significant, course, the relative 
damage sustained function span, mass, elevation, and type structure. 


PRELIMINARY CONSIDERATIONS 


The determination dynamic effects bridges not new since much has 
been written about impact loadings bridge spans and related phenomena. 
However, the problem blast damage differs two important aspects from 
previous work this field. Former studies have been concerned with dynamic 

comments are invited for publication; the last discussion should submitted 
October 1953. 
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forces originating from wheel unbalance that produces periodic forcing func- 
tion traveling along the span, whereas the concern this study nonperiodic 
uniformly distributed loading, which function time. The methods 
proposed not limit the variation the load with time long this varia- 
tion can expressed mathematically graphically. 

The second departure from conventional engineering considerations lies 
the emphasis which placed the nonelastic behavior bridge. 
determining the amount damage that given bridge may suffer result 
explosion, only the plastic range behavior interest. Moreover, the 
changing configuration the bridge, after the forces have deformed beyond 
the elastic limit, must established. 

The principal simplification available for the study configuration follows 
from the common assumption plasticity that yielding single member 
statically determinate truss transforms the structure into mechanism. 
Irrespective the questions that may raised the influence gussets, 
rivet holes, welds, continuity chords, and other structural details, present 
design practice assumes that any properly designed truss girder span must 
deflect well into the plastic range before fracture occurs because brittle fracture 
not comtemplated standard specifications. Hence, analysis based the 
mechanism concept believed satisfactory method evaluating the 
relative influence parameter, such length span, the resistance 
deflection from atomic blast for bridges that are essentially similar. Once this 
concept transformation the structure into mechanism consisting two 
rigid bodies joined plastic member accepted, the motion each body 
may studied the equations dynamic equilibrium. Such equations can 
solved numerical stage-by-stage analysis using appropriate interval 
time between successive stages. 

The structures selected examples for study are simple-span trusses and 
girders single-track railway type. The uniform impulsive loading chosen 
that produced atomic explosion 20-kiloton bomb (equivalent 
20,000 tons trinitrotoluene (TNT) 2,000 directly above the span. The 
method analysis developed could adjusted, with only moderate complica- 
tion, handle nonuniform loading and statically indeterminate spans such 
suspension bridges, continuous girders, and rigid frame bridges. impulsive 
load any type may handled long the pressure-time variation com- 
pletely known. The character the differential equations that describe the 
motion the bridge does not encourage the hope that closed solution may 
obtained, and seeras likely that numerical methods will continue re- 
quired for the solution the equations. The amount labor involved 
carrying through stage-by-stage analysis the type suggested well within 
reason, however. 

Definition Damage.—Reference bas already been made relative damage 
measure the resistance bridge atomic blast. For quantitative 
comparisons necessary define structural damage numerical terms 
despite the realization that the degree damage assigned any structure 
after balst will dependent such factors the difference between war- 
time and peace, the importance the structure given operation, the possi- 
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bility control over traffic, the visibility the damage, and other similar 
factors. this paper, the ratio the maximum nonrecoverable deflection 
the span length taken quantitative index structural damage. This 
index related such physical factors the slope the floor, the change 
the critical internal angle the truss triangle, and the external angle that 
develops between the two rigid bodies joined the plastic member. 

The ratio deflection span readily determined, and seems 
reasonable criterion structural damage, considering the symmetrical uniform 
loading and the expressed intention study large nonelastic movements. 
might properly suggested that better index damage would be, for 
example, the percentage actual change length the permissible change 
length the plastic member. However, until more known about the action 
built-up tension and compression members the plastic range that limits 
may assigned total axial deformations for members different lengths, 
crogs sections, and end conditions, simpler index damage such the one 
described, seems preferable. Hence, all procedures analysis presented herein 
furnish values the maximum deflection the final result. 


DEVELOPMENT PROCEDURE ANALYSIS 


The analytical processes comprise the determination the loading acting 
the bridge; the movement within the elastic range, resulting the maxi- 
mum elastic deflection; and the movement within the plastic range which pro- 
duces nonrecoverable deflection. 

Determination Loads.—The first step computing the loads acting 
the bridge requires consideration some the basic phenomena surrounding 
the explosion atomic bomb. Such explosion creates pressures the 
with both time and distance from the point explosion— 
which can described roughly shock waves expanding spherically around 
the source. The pressure difference existing between the undisturbed air 
front the shock wave and the air behind called the 
which decreases gradually zero. The variation (with time) free air pres- 
sure point given the expression: 


which equals the over-pressure shock wave the time 
equal the peak over-pressure (often termed pressure) represents 
time, measured from the beginning the positive phase; and denotes the 
duration the positive phase the blast wave. 

also can determined that, distance 2,000 from exploding 
nominal bomb, the peak over-pressure per in., which decreases 
possible determine the over-pressure existing any time during the positive 
phase for the particular case interest. 


Effects Atomic Weapons,” Govt. Printing Office, Washington, C., 1950, 124. 
135. 
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For bridge locations displaced laterally from beneath the point explosion 
the bomb, the will produce essentially horizontal side-on 
shock the The intensification the pressure the Mach stem 
and the small lateral resistance some bridges may cause greater vulnerability 
such loadings than the vertical loadings considered herein. This vul- 
nerability can determined only study the methods discussed. 

However, knowledge the variation over-pressure with time the 
location the bridge not sufficient for determining vertical loads. The 
loading the bridge depends largely the geometry the bridge itself be- 
cause the pressures and their variation with time during the action the shock 
wave the bridge are functions the size and shape the structure. When 
the shock front first arrives the bridge floor, increases immediately the 
“reflected which two more times the original over-pressure. 
This excess pressure then flows around the edges the object struck order 
equalize itself with the surrounding over-pressures this process referred 


100 120 140 160 180 200 220 240 260 280 300 220 340 360 380 400 420 440 
Time, Milliseconds 


Curve ror 519-Fr 


and dependent the size and shape the object struck 
the shock front. Considering the simple rectangular shape bridge struc- 
ture viewed from above, and the predominant contribution made the solid 
deck the bridge the total area struck the wave, the structure will 
idealized that flat plate (corresponding the deck) that struck 
shock wave. important recall that the expressed objective 
determine relative nonelastic defiections for bridges and that approxi- 
mations having comparable effect all structures may accepted. With 
this simplification, results from shock tube experiments may used deter- 
mine the pressure distribution function time during the diffraction 
process. shock tube pipe which pressure can built and then 
suddenly released, causing shock wave travel down the tube. The data 
used actually were obtained for thin plate fixed the bottom the shock 
tube and struck normally passing shock wave intensity comparable 
over-pressure per in. The results are derived from interfero- 


Effects Atomic Govt. Printing Office, Washington, C., 1950, 67. 
76. 
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metric measurements and are terms dimensionless pressure ratios expressed 
functions reasons symmetry the thin plate used shock 
tube studies considered represent the half-width the bridge deck. 
suggested that, studies this kind, the flat plate that simulates the bridge 
deck the shock tube considered represent the width the bridge 
between the outboard edges the chords, rather than that the deck proper, 
order compensate, far practicable, for the neglect the resistance 
the vertical shock the individual truss members. 

The diffraction period followed relatively long period drag that 
caused the flow air away from the explosion during the positive phase. 
Shock tube data are limited, for practical reasons, the initial diffraction 
period, but can shown that conventional drag formulas give values 
pressures that agree well with the end values the shock tube information. 
seems permissible, therefore, extend the pressure-time curve based 
shock tube results with straight line passing through zero pressure the end 
the positive phase. typical curve this kind shown Fig. which 
designated ‘‘Full Pressure Pulse—No 

The loading phenomena previously described are those which would 
expected occur the bridge where located itself infinite atmosphere, 
were far removed from other obstructions the shock wave that 
not affected their presence. Actually, this not likely the case 
except where the elevation the span above the ground water surface 
unusually great. becomes necessary, therefore, consider the effects 
elevation the span above the surface the earth, and will shown that 
the reflection the shock wave from the ground water beneath the bridge 
will alter the loading considerably. 

helpful draw first qualitative picture the successive phenomena 
the reflection process. First, the original shock wave impinges the top 
side the bridge floor and diffracted around it. The shock wave reformed 
underneath the bridge and impinges the ground water surface below, 
whereupon reflected with intensified strength and travels upward into 
region. The mass flow behind the returning shock wave 
zero—that is, the air rest. The reflected shock wave impinges the 
bottom surface the bridge floor, exerting upward pressure it. The 
flected shock wave then diffracted around the deck and travels farther up- 
ward, after reforming above the deck. Following this, further air forces 
act the bridge. 

quantitative treatment this procedure will not given this paper 
because would require far too much space. However the performance 
other investigations this kind should kept mind that both water and 
earth, being high acoustic impedance relative air, reflect shock without 
appreciable loss energy and that, until further experimental data become 
available, the upward diffraction process must approximated from the same 
shock tube data the initial downward diffraction. Also, because the 


presence turbulent region immediately beneath the deck, the strength the 
Diffraction Shock Waves around Obstacles and the Resultant Transient Loading 


White, Weimer, and Bleakney, Technical Report II-6, Princeton Univ., Princeton, 


IMPULSIVE LOADS 


returning shock wave, reflected from the earth’s surface below, should 
reduced one third when the reflected pressure the underside the deck 
computed. Attention must paid the fact that the returning shock wave 
enters region which the over-pressure continuously decreasing. As- 
suming the latter remain constant probably permissible for elevations 
about 100 with shock per in., but this assumption will intro- 
duce serious error for greater heights stronger shocks. 

The pressure-time relations that are obtained for various elevations 
510-ft span are shown Fig. which the bridge deck elevation expressed 
ash. apparent that the case reflection differs radically its pres- 
sure-time from the case reflection from any commonly en- 
countered height. The time required for the reflected shock make itself 
felt increases with increasing elevation the bridge, and the upward impulse 
furnished the reflection becomes progressively smaller percentage the 
downward impulse the elevation increases. The large upward forces exerted 
the reflected shock waves may account for the phenomenon observed 
Hiroshima and Nagasaki, Japan, where even those bridges close 
suffered little structural damage. Unfortunately, evidence this point 
very 

Present knowledge the actual loading surrounded many uncer- 
tainties. analytical treatment this problem seems virtually impossible, 
and only fragmentary experimental data applicable diffraction around com- 
plex structures have been published. Therefore, the numerical results obtained 
from such data are open question their accuracy, although should 
kept mind that this study accuracy loading secondary the establish- 
ment general relations between bridge characteristics and damage. The 
validity such comparisons not influenced the accuracy the loading 
information great extent are individual numerical answers. 

Motion the Elastic Range.—The initial motion the bridge under the 
applied load the elastic range. The theoretical response suddenly 
applied load the excitation the various elastic modes the bridge. Be- 
cause consideration restricted herein uniform loading symmetrical 
bridge, there need for the inclusion even harmonies that correspond 
unsymmetrical deflection profiles. The treatment may simplified further 
assuming the elastic response configuration the static deflection profile 
or, essentially, using the first mode vibration. Since experimental evi- 
dence justifies this assumption for the case concentrated central dynamic 
load, seems certain that uniformly distributed load would follow the static 
deflection profile even more 

desirable, matter convenience, reduce the problem deter- 
mining the center deflection function time that determining the 
motion-time history lumped single-degree-of-freedom system. The motion 
such system may treated with Duhamel’s integral, although other 
methods are also possible. Considering the nonmathematical character the 
Effects Atomic Govt. Printing Office, Washington, C., 1950, 152. 


Bridge Impacts with Mechanical Bulletin, Am. Ry. Eng. Assn., 1948, 
61. 
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forcing function—that is, the pressure variation with time—it desirable 
express the integral incremental form for tabular follows: 


which equal the center deflection, equals the center velocity, 
feet per second (the dot notation for time derivatives used here and 
throughout this paper); represents the total applied load, pounds; 
equals the mass the entire bridge, pound-feet per second per second; 
equal the natural frequency the bridge the fundamental mode, cycles 
per second denotes the time interval, seconds; and the subscripts and 
correspond deflections any two consecutive instants. 

The equivalent linear oscillator should not only possess the same natural 
frequency the bridge, but also should undergo the same static deflections. 
the entire mass the bridge used the mass the oscillator, and the 
natural frequencies the bridge and the oscillator are equal, then the oscillator 
will have excessive stiffness Consequently, fictitious driving force must 
used for equal static deflections the bridge and the oscillator model, which 
obtained multiplying the actual forcing function the ratio the stiff- 
ness the oscillator that the bridge. The adjustment can also made 
using suitably reduced mass and retaining the actual forcing function. 

The integration Eqs. and requires that the natural frequency the 
bridge and its limiting elastic deflection computed. The following relations 
are available for the determination these frequencies 

For truss railway bridges, which the dead load deflection inches, 


which the natural frequency, cycles per second and for girder railway 
bridges, 


Variations the moment inertia along the span need not considered and 
the center value may used the 

The determination the limiting deflection necessary order 
terminate the stage-by-stage integration Eqs. and when the deflection 
passes from the elastic into the plastic region. Eqs. and not apply 
beyond this point, course. The computation the limiting elastic deflection 
simple principle, although rather laborious, and illustrated through the 
description the various steps involved for truss bridge, follows: 


York, Y., 1948, 54. 

311. 

Mathematical Treatise Vibrations Railway Sir Charles Inglis, Cambridge 
University Press, Cambridge, England, 1934, 


and 
12.4 
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The dead load stresses each member are determined. 

The capacity each member, which may taken the yield stress 
times the effective cross-sectional area, determined, with allowance for buck- 
ling compression 

The remaining capacity each member computed subtracting the 
dead load stress from the computed capacity. 

The live load stress each member determined for uniformly 
distributed live load. 

The deflection produced the center the live load computed from 
step 

proportion, the uniformly distributed live load that will exhaust the 
remaining capacity (as obtained step computed for the most highly 
stressed member. 

The deflection caused the live load obtained step computed. 
This deflection the limiting elastic deflection. 


The integration Eqs. and for the elastic range can illustrated 
readily the numerical example the Appendix. 

Motion the Plastic terminal values for the elastic range, 
obtained explained the Appendix, furnish the limiting elastic deflection, 
the time which this deflection reached, and the downward velocity the 
bridge that time. These terminal values the elastic case constitute the 
initial conditions for the plastic range. 

The basic treatment the plastic case based the consideration that 
yielding single member statically determinate structure (or the last 
redundant member plus one indeterminate system) converts the structure 
into mechanism. The equations motion for constrained rigid bodies may 
used follow the ensuing motion the plastic range. for the 
statically determinate truss, assumed that only one plastic member exists 
and that the members that remain elastic form essentially rigid links kine- 
matic chain. Actually, these links are elastic and will vibrating elastically. 
Their individual elastic displacements, however, are small relation the 
sum the elastic and plastic displacements the entire span that they will 
neglected. Also, when dealing with bridges with solid deck floors, appears 
satisfactory for purposes comparison assume the trusses equivalent 
bars the plane the floor. Where greater numerical accuracy desired, 
the actual mass distribution the truss can taken inte account readily 
the computations. 

seems reasonable make the assumption that condition 
plasticity” exists—that is, account will taken possible strain hardening. 
This assumption justified for strains less than from ten twenty times the 
elastic strains structural steels, confirmed the stress-strain diagram 
and the tests actual laboratory structures. Beyond the range deformation 
the structure develops added resistance virtue strain hardening that will 
neglected the computations. Other simplifying assumptions include the 
neglect strain-rate and multi-axial effects, the omission secondary stress, the 


Modern Steel Grinter, The Macmillan Co., New York, Y., 1941, 
185, Fig. 97. 
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convention frictionless joints trusses, and the convenient use total 
plastic cross section when the yield point reached the extreme fiber girder 
sections. believed that none these approximations affect the validity 
the results significantly, least far comparative computed damage for 
generally similar structures concerned. 

The equations motion the plastic range are derived for girder bridge, 
truss bridge with flow occurring the top chord, and truss bridge with flow 
occurring the bottom chord. The equations have been derived the general 
form and then have been simplified successively each case for small angles 
rotation and also for symmetrical deflection configuration. the case 
girder bridges symmetry exists. However, even symmetrical bridge 
longer can considered such when inertia forces are involved because one 
end the span pinned whereas the other free slide, that the bridge 
becomes, effect, slider-crank type mechanism. The complete derivation 
the equations would require too much space included herein; instead, 


p(t) 


the derivation simple case will given outline form and the equations 
for all other cases will written final form. 

Equations Motion for Girder Bridge-—The equation motion for any 
rigid link, such shown the left-hand part Fig. may written 
equation dynamic equilibrium which makes use the inertia forces 
and 6,; the londs, and the reactions both ends the link. 
The symbol indicates horizontal displacement, the symbol denotes the mass 
moment inertia about the point indicated the subscript, and the dead 
load over one half the span. convenient expression obtained from the 
point indicated the subscript. will recalled that the moment the 
three inertia terms about equivalent which the subscript refers 
the left half the bridge. Hence, 


— Rey cose ) — 6s. 


Rey 
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Transferring the inertia moment the opposite side the equation and ex- 
pressing and from their values obtained from the equations, 


The equation for small angles rotation, 


which denotes the mass moment inertia the left half the bridge 
about point and equal angular displacement, velocity, and acceler- 
ation about point represents the maximum plastic moment 
the girder section; and denotes the weight one half the girder. All 
other symbols are illustrated Fig. 


Truss Bridge with Plastic Flow Top Chord.— With reference Fig. the 
general equation motion 


6, = } W, cos 6; + F, sin a (h sin 0; cos cos 6;) 


which equal the mass moment inertia the left part the bridge about 
point equal the weight the left part bridge; represents the 
(yr 


cos 


Ray mai 
Ly, L3r L2 
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The equation for small angles rotation, 


+ W, L: F, (h + Lot bp Ly Ls. . (8) 


The equation for small angles rotation, and for the symmetrical mode 
yielding 


4m, 6, — m, 6; 6, = } W, F, (Lst 6; + h) + sp L?,.. (9) 


Truss Bridge with Flow Bottom Chord.—With reference Fig. 
the general equation motion 


(yo yr), 


cos 


Ran x D 
1% G 12 La Roy 
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The equation for small angles rotation, 


The equation for small angles rotation, and for the symmetrical mode 
yielding 


Integration the Equations for the Plastic 
the simplified equations motion for the plastic range—that is, Eqs. and 
12—reveals that the integration second-order nonlinear ordinary differential 
equations required. closed solution has not been found for these equations 
even their homogeneous form, and the nature the forcing function p(t) 
such that the particular integral cannot determined. Numerical integration 
therefore must used and there are several applicable techinques. The 
methods Runge and Kutta, the method and the method 
Milne, modified Ford, could employed. this paper the 
last-named method has been used, adapting this problem required. 

The problem will clarified considering equation motion its 
final numerical form. The example chosen corresponds the case 519-ft 
span: 


The process integration illustrated Table which gives the column 
headings the table actually used the numerical solution. Cols. and are 
self-explanatory, the initial time, being chosen the terminal time the 
elastic range. Similarly, Cols. and can filled once from the elastic 
case for the initial time, but all subsequent times Col. obtained from 
Taylor expansion, follows: 


which the time interval selected. Col. requires similar prediction 
hence, 


and 
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Values for and thus having been established for Cols. and 12, respectively, 
the equation itself, the algebraic addition Cols. 10, 11, and gives value 
for shown Col. 15. becomes necessary obtain improved value 


Angular dis- 


(2) (3) (4) (S) (6) (7) 


764 1,471 764 (radians per sec) 


(8) (9) (10) (11) (12) 


258 17.5 1,470 3,405 


Angular accel- 
per sec) 


(radians 
per sec) 


(14) (15) (16) (17) 


and (designated and respectively) for the next iteration cycle. 
The particular formulas used 


t+24 


slight variation these formulas desirable for the initial interval order 
obtain greater accuracy the beginning. using Eqs. possible 
complete Cols. this point new cycle iteration begins and 
the procedure repeats itself since the values and Cols. and are 
analogous and given Cols. and results the next cycle 


Ford, McGraw-Hill Book Co., Inc., New York, Y., 1933, 159. 


radians A 
(13) (18) (19) (20) 
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are given Cols. 18, 19, and 20. Column headings for the second iteration 
cycle are not shown Table because Cols. would simply repeat 
themselves, with all subscripts changed from and from 

Actual numerical solutions are not presented because the voluminous 
character the computations. was found that agreement between Col. 


U; U, U, 


(d) THROUGH TRUSS, 20.5 WIDE 


400 
(b) SYMMETRIC THROUGH TRUSS, WIDE 


220 


(c) DECK TRUSS, WIDE (f) DECK PLATE GIRDER, 11.7 WIDE 


and Col. was close enough permit the iteration procedure 
terminated after the second cycle. 


APPLICATIONS ANALYTICAL PROCEDURE 


The methods developed the foregoing sections have been applied seven 
single-track steel railway bridges, designed for Cooper’s E-65 E-72 loading, 
and supported pins one end and rollers the other. All, except the 
140-ft girder span, have solid deck floors standard weight, and all are stat- 
ically determinate. The specific structures investigated are those shown 
Figs. and 50-ft rolled-beam bridge, which not shown. The particular 
variables investigated were the effect span length resistance impulsive 
loading resulting from atomic explosion 2,000 above the bridge, the differ- 
ence between deck and through construction with respect such resistance, 
and the effect elevations between and 175 above ground water 
surface (for the 519-ft bridge) the damage from such explosion. 


(a) SYMMETRIC THROUGH TRUSS, WIDE 
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PRESENTATION RESULTS 


The immediate result obtained from “plastodynamic” analysis the 
value the center maximum deflection the bridge function time. 
The time which the plastic deformation terminates may inherent the 
loading and the resistance the structure plastic flow may continue virtually 


Velocity Bridge 


Displacement 
Bridge 


Magnitude Force, Velocity, and Displacement 


Time 


indefinitely. However, deformation that greater than certain limiting 
range values little interest. For example, assumed, that ratio 
maximum deflection span length corresponds total uselessness 
collapse the bridge, unimportant determine how much larger the 


(a) MULTIPLY MULTIPLY 


Ratio Maximum Deflection Span Length 


519-Ft Bridge 
(25-Ft Elevation) 


Time, in Milliseconds 


deflection could grow. This assumption makes possible the use the equations 
for small angles rotation which represent vast simplification the general 
case. must further understood that the equations presented apply only 
while the angular velocity remains positive because the reverse motion implies 


Driving Force 
0 50 100 150 200 250 O 10 20 30 40 50 60 
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elastic behavior the structure rather than constant resistance deformation. 
any event, the procedure may terminated when the physically significant 
limit the deflection, the deflection-span ratio, any other selected 
criterion damage judged have been reached. This limit depends the 
particular structure. For example, seems reasonable assume that the 
limiting value for highway bridges would significantly higher than that for 
railway bridges. 
Discussion RESULTS 


The general nature the displacement-time relations determined the 
foregoing procedure shown qualitatively Fig. These curves illustrate 
the time lag between the increasing deflection and the decreasing driving force, 
and they are typical all the spans investigated. 
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Specific results for the various bridges are shown Fig. 7(a). All spans 
are shown except the 50-ft rolled-beam span which omitted for reasons 
scale. From this illustration seen that, after approximately 250 milli- 
seconds, the deflections all the bridges standard weight increase with the 
span length, and that the given pulse will produce the highest ratio deflection 
span length for the longest bridge. The situation reversed the early 
stages, shown more clearly Fig. because the greater inertia the 
longer spans delays the development speed and displacement. Thus, 
can seen that ultimate damage should increase with increasing span. The 
140-ft girder span forms rather remarkable exception this pattern, and its 
behavior has been attributed its lightweight construction and unusually large 
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deck area. The curve for the 140-ft span indicates that reduction mass 
may lead very undesirable consequences bridges acted upon pressure 
pulses this type. not possible isolate completely the effect mass 
variation means the results shown, however, because two bridges 
studied differed mass only. 

may noted also that the difference behavior between the 220-ft deck 
bridge and the 208-ft through bridge negligible. Therefore, may 
accepted that deck and through bridges have approximately the same resistance 
blast and that reason exists (on the basis the present evidence) favor 
one over the other. 

The variation with time the deflection-span ratio shown expanded 
time scale Fig. 7(b), that the initial phases the motion become distin- 
guishable. clearly seen that, the early stages motion, the deflection- 
span ratio increases with decreasing span length. The motion the 50-ft 
span illustrated, and noticed that its motion remains elastic throughout. 
This result agrees with the earlier conclusion that damage increases with in- 
creasing span length. The lower curve Fig. illustrates the effect re- 
flection from elevation the 519-ft span and shows graphically 
that this bridge, which the most vulnerable all the spans, would not 
even enter the plastic range were located within the ground 
the water surface. 

The relations represented Fig. 8(a) are essentially similar those shown 
Fig. but give the actual deflection feet function time. Again, the 
maximum deflection increases with span length, except for the lightweight, 
unballasted 140-ft span which shows deflections that might expected 
300-ft span standard ballasted construction. 

The remarkable effects elevation above the surface are illustrated for the 
519-ft bridge Fig. The short segments curves correspond the 
motions for the heights shown, whereas the full curve coincides with that shown 
Fig. for this span. apparent that, for elevations substantially 
exceeding 100 ft, the downward deflection the bridge great the time 
the upward pulse arrives that the latter has significantly helpful effect, and 
the bridge must presumed have been rendered useless. obvious, 
the other hand, that, for elevations less than ft, the effects reflection are 
drastic and that this effect may save such span from destruction. This 
conclusion agrees with the observations made after the Hiroshima and Naga- 
saki bombings. 

studying Fig. some interesting conclusions may drawn regarding the 
maximum height above ground for which important inhibiting effect 
exerted the damage spans various lengths. The curves Fig. show 
that, after about 220 milliseconds, given ratio maximum deflection span 
length reached later time for shorter spans. Considering certain ratio 
permanent deflection span, specified extent damage, more time can 
allowed for the return the shock wave for short spans because the length 
time required produce this extent damage greater for short spans. 
Therefore, the benefit derived from the returning shock wave may obtained 
during longer period time while the bridge being deformed. This longer 
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time corresponds the reflection period for increased elevation above the 
ground water surface. Thus, can concluded that the maximum 
elevation, for which reflection has important inhibiting effect damage, 
increases with decreasing span length. 

One further observation should made not refer directly the 
aforementioned illustrations. comparison the differential equations 
motion for girder and truss bridges, Eqs. and 12, show that the 
term for the girder and for the truss. Assuming that 
girder and truss bridge equal span weigh the same, when designed for the 
same loading, the inertia and weight terms need concern this 
comparison. the deck area also the same for the two bridges, the same 
driving force will exerted, and the resulting nonelastic deflection will depend 
inversely and approximately the resistance terms. However, will 
noted that the magnitude the resistance term for the girder constant, 
but that the truss bridge decreases with increasing rotation Thus, 
may presumed that truss bridge will suffer greater permanent deflection 
and damage than girder bridge, provided both are the same weight and 
span and are designed according the same specifications. Unfortunately, 
not possible include such pair comparable examples herein, and the 
results obtained not permit isolation the effect span length from that 
truss girder construction. the other hand, the extreme reduction de- 
flection from the 208-ft truss bridge the 100-ft girder bridge, shown Fig. 
8(a), does not appear wholly attributable reduction the span alone. 
Therefore, may concluded that the numerical results are not inconsistent 
with the presumption that there significant difference between the inelastic 
behavior truss and girder bridges. 


SUMMARY AND CONCLUSIONS 


This paper has proposed method for the determination deflections 
produced impulsive vertical loadings simple-span bridges truss and 
girder types. These procedures cover both elastic and large nonelastic de- 
flections, and their use involves only moderate expenditures time and 
technical effort. method can extended treat statically indeterminate 
structures. 

The development the procedures involves the use several physical 
assumptions, which are discussed the body the paper. The two most 
important assumptions are the plastically deformed bridge 
mechanism rigid and plastic parts, and the feasibility extra- 
polating transient shock loading data obtained from small shock tube models 
full-size structures. The numerical solution the differential equations 
motion essentially exact from the engineering viewpoint for both the elastic 
and the plastic ranges. 

The procedures suggested have been applied the case impulsive 
loading produced the explosion nominal atomic bomb 2,000 above 
the bridge. Simple-span truss and girder bridges steel ranging from 
519 length were investigated. Since incomplete information the 
validity the underlying assumptions should not vitiate conclusions based 
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comparisons between the computed response different bridges the 
same general type, the results obtained are believed justify the following 
specific conclusions: 


Damage from nonelastic vertical deflection produced atomic blast, 
measured either directly percentage span length, increases with 
increasing span. 

Damage increases with increasing width bridge—all other things 
remaining equal. 

Damage two bridges the same span and differing only weight 
should greater for the bridge having the smaller weight. 

Height bridge above ground water influences markedly the damage 
sustained. bridge that may destroyed the absence shock wave 
reflection from the ground may suffer damage all sufficiently close 
the ground water surface. 

the case the 519-ft bridge, computations show that the maximum 

‘elevation above ground for which significant benefit derived from reflection 
about 100 ft. greater heights, the returning shock wave arrives too late 
prevent the bridge from being rendered useless. 

has been found that the maximum elevation above ground for which 
the reflected shock wave will have important inhibiting effect damage will 
increase with decreasing length the bridge. 

The elastic and nonelastic behaviors deck bridges and through truss 
bridges are essentially alike under overhead atomic blast, and there appears 
reason prefer one the other from this aspect. 

truss bridge and grider bridge have the same weight and span, and 
they are designed under the same specifications, may reasoned from 
mathematical considerations that blast damage the girder bridge should 
less than that the truss bridge. 


APPENDIX. NUMERICAL EXAMPLE 


The equations motion for the elastic range (Eqs. take the following 
form for the 519-ft through truss bridge: 
and 


9.73 


(Subscripts and refer consecutive values and with respect time.) 
The tabular solution then proceeds shown Table which the first three 
lines the integration process are given. Col. gives the time, intervals 
four milliseconds. The corresponding values the pressure are then read 
from the pressure-time curve Cols. and then follow, and values 
zero may entered for Cols. and the first line because the bridge 
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presumed initially rest. The deflection after 0.004 sec, the 
second line, may obtained from Eq. 17a, follows: 


(5) (6) (7) (8) (9) 

0.01001 


0.00846 0.00846 0.00845 0.00033 0.435 0.435 0.015 
0.00720 0.03065 0.03065 0.00119 0.804 0.804 0.0313 


Cols. and then follow direct multiplication. The second equation 
used obtain 


t=—0.004 


=0+0 0.435 0.435, 


which shown Col. Cols. and follow directly. For the next line, 
which 0.008— 


0.0001334 


or, the values Col. line are obtained adding together the values 
Col. line Col. 10, line and Col. line Thus, 0.03065. 
t=—0.008 


Similarly, 0.804, obtained adding algebraically the following 


t—0.008 
values: Col. line Col. line and Col. line procedure con- 
tinues this manner until reaches the limiting elastic deflection beyond 
which longer applicable. 


Time, 
(1) (2) 
63.5 0.435 
0.008 0.369 
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